ABSTRACT Aiming at tapping the potential of energy complementary, maximizing renewable energy sources utilization and jointly minimizing the operating cost, a coordinated operation model of a multi-integrated energy system based on linearized coupling relationship is established in this paper. In order to establish an accurate model for interconnected energy hubs, an integrated strategy is proposed by the combination of the linear weighted sum and grasshopper optimization algorithm to solve the energy management problem, which improves comprehensive energy efficiency and realize regional coordination optimization. Eventually, the case study indicates that the operating cost of the multi-integrated energy system with coordination is reduced by nearly 3.2%, which can effectively validate the scalability, flexibility, and economic performance of the presented integrated strategy.
I. INTRODUCTION
With rapid escalation in energy consumption, as well as sharp increase in the burden on the large-scale integration of renewable energy sources (RES). The integrated energy system (IES), as an effective way of integrating and utilizing multiple types of flexible energy sources such as electricity, natural gas, heat and so on, is able to improve the overall energy utilization efficiency and mitigate the operational challenges of multiple energy supply [1] .
At local level, for an IES covering a small area, the energy conversion components can be modeled using the concept of energy hub (EH) [2] . Since the scale of the local community, commercial and industrial complexes are usually at the district level. If these complexes are controlled by a single isolated IES, the computational complexity increases significantly as the scale of the IES expands. The conventional independent operation of IES can no longer satisfy the requirements of multi-energy complementary. It is appropriate to construct regional multi-integrated energy system (multi-IES) on the distribution network.
In recent years, several studies have been conducted to optimize the operation and planning of IES. A unified steady-state power flow analysis considering electrical, natural gas and district heating networks is proposed in [3] .
Shao et al. applied an mixed integer linear programming (MILP) method based EH for calculating the optimal power flow in IES are illustrated in [4] and a state variable-based linear energy hub model is also developed. Reference [5] proposes an interval optimization based coordinated operating strategy for a gas-electricity IES. Reference [6] provides a comprehensive operational flexibility evaluation of different IES options. A hierarchical multiagent system control structure were used for IES optimal operation in [7] . In [8] , a combined heat and power dispatch is formulated to coordinate the operation of electric power system and district heating system. Reference [9] proposes a unified operation and planning optimization methodology for distributed IES with the aim of assessing flexibility embedded in both operation and investment stages subject to longterm uncertainties. Reference [10] optimizes the conflicting benefits of the electricity network and gas network for daily operation of the IES using a coordinated scheduling strategy. Reference [11] further considers the dynamic optimal gas flow on pipeline networks and the optimal power flow in power network which forms a unified scheduling method. The optimal operation of gas-fired power plants in electricity market is described by IESs in [12] . Reference [5] introduces an interval optimization based coordinated operating strategy for the gas-electricity IES to describe the probability distribution of wind power output. Reference [13] establishes a multi-objective optimization model for the combined gas and electricity network planning and the stochastic characteristics of wind power, and the optimization problem is solved by the Elitist Non-dominated Sorting Genetic Algorithm II. Reference [14] further adds the water network constraints to the IES, and optimizes the optimal network capacity and distribution of the CHP-based DG based on urban energy distribution networks. A hierarchical approach for a community IES is designed in [15] , considering demand response and the distribution of power and gas flow. Reference [16] further considers the influence of power distribution network reconfiguration on IES with cogeneration. In [17] , a decentralized algorithm is proposed for the integrated power and heat scheduling based on Benders decomposition. Shabanpour-Haghighi and Seifi [3] presented an integrated framework based on the Newton-Raphson technique to solve the operation of IES including electrical, natural gas, and heat carriers.
In addition to the research that has focused on the optimal operation and planning of IES, the optimization modeling of IES have been reported in several studies. In [18] , a combined gas and electricity network expansion planning model is developed. Gas-fired generation plants are considered as linkages between the two networks. A security-constrained bi-level economic dispatch model for IES is proposed in [19] . A combined gas and electricity networks expansion model is proposed in [20] . The results show that demand-side response plays a crucial role in the improvement of security of gas supply. Reference [21] constructs a day-ahead coordinated stochastic model considering random outages of generating units and transmission lines, and random errors in forecasting the day-ahead hourly loads. In [22] , a multi-objective model is introduced to describe the optimization problem of IES, and the dynamic security of electricity network is evaluated. In [23] , a stochastic model is established to analyze the stabilization effect of gas-electricity coordinated scheduling on wind power fluctuation. Reference [24] proposes a probabilistic available transfer capability model considering the static security constraints and uncertainties of electricity-gas IESs. Reference [25] proposes a planning expansion planning model for the IES which can have lower investment costs. Reference [26] presents a multi-temporal simulation model to analyze the IES, in which the related equations are solved by Newton Raphson method. Interactions in a district electricity and heating systems is analyzed in [27] considering the time-scale characteristics. Li et al. [28] proposed a low-carbon stochastic optimal operation model for IES with the comprehensive consideration of renewable generation, carbon-capture-based power-to-gas technology, and the combined power and heat units. Qiu et al. [29] provided a linear expansion model of IES to minimize the overall capital and operational costs for the coupled gas and power systems. Zhang et al. [30] studied the optimal expansion planning of EH with multiple energy systems. A smart EH is presented in [31] , modify the conventional DR programs in smart grid, and a distributed algorithm is developed to determine the equilibrium. Beyond planning for a single EH, Pazouki et al. [32] proposed optimal CHP placement and sizing in a multiple energy network considering the operation costs, power loss, network reliability, and voltage penalty. Reference [30] expanded the concept of EH by determining appropriate investment candidates for generating units, transmission lines, natural gas furnaces, and CHPs. Orehounig et al. [33] deployed the energy hub concept at the urban level, considering the integration of renewable sources at residential and commercial buildings and neighborhood scale.
It is worth noting that all aforementioned research are focused on the traditional independent optimal operation of IES and the optimal operation of multi-IES and interconnection between EHs has not been accurately investigated or modeled. To address the issue of the multi-energy complementary among EHs while realizing regional coordination optimization and improving comprehensive energy efficiency. The major contributions of this paper are summarized as follows:
On the one hand, a linearized method of modeling EH is proposed to analyze the dynamic characteristics of energy conversion devices. Energy conversions are regarded as coupling components to transfer the RES fluctuation to the cooling or heating system.
On the other hand, the industrial EH (I-EH) model commercial EH (C-EH) model and residential EH (R-EH) model are added into coordinated operation optimization of modeling multi-IES respectively. In addition, an integrated strategy is proposed by combination of linear weighted sum (LWS) and grasshopper optimization algorithm (GOA) for multi-IES operation problem analysis. The comparison of results with other techniques already available in the literature like mixed integer linear programming (MILP) shows that LWSGOA algorithm has better strength and more potential than MILP.
The remainder of this paper is outlined as follows: In Section II, the mathematical EH models based on linearized coupling relationship are developed, respectively. Section III provides the modeling framework for the coordinated operation of multi-IES. In addition, the objective function, the associated constraints and LWSGOA algorithm are described in this section. In section IV, the case study is simulated on multi-IES consisting of three interconnected EHs. The conclusion of this paper is summarized in Section V
II. LINEARIZED COUPLING MODEL OF EH
The concept of EH is used to describe the energy coupling relationship in the IES. The EH is made up of micro-grid, micro-gas system and micro-heat system and integrates various forms of energy such as electricity, natural gas, hydrogen, renewable energy sources like wind power and photovoltaic generation. The regional IES can effectively adjust the uncertainty caused by the RES integration into the power system, and help solve the problem of power system stability. For proper energy conversion and distribution, the structure of I-EH, C-EH and R-EH are established respectively, as illustrated in Fig. 1 . The figure shows the connection between the various devices in the IES and the energy flow.
Considering the diversification of energy are connected through conversion devices, the converter of multiple energy flow is abstracted as an energy conversion efficiency matrix. The input E t I , G t I are supply of electricity and natural gas. The
, which are energy demand of electricity, heat, and cold, can be met by the coordinating of the energy conversion devices. 
A. LINEARIZED COUPLING MODEL OF EHS

Fig. 1 (a) consists of heat pump (HP), electrical boiler (EB), and gas boiler (GB
Where η GB,GH is the conversion efficiency of GB; η EB,EH refers to the EB efficiency from electricity input to heat output; η HP,EH , η HP,EC are the heating and cooling efficiency of HP, respectively. Fig. 1 (b) contains combined heat and power (CHP) unit, absorption chiller (ACh), and compression chiller (CC). E t CCHP,O , H t CCHP,O are the proportion of natural gas consumption for electricity and heat, respectively; C t ACh,O is the partition coefficient of ACh using the waste heat by CHP, which can be converted into cold energy to meet cooling demand. The cascade utilization of waste heat and surplus electricity can be beneficial to improve the energy efficiency.
Where η CHP,GE , η CHP,GH are the electrical and thermal efficiency of CHP, respectively; η ACh,HC is the cooling efficiency of ACh; η CC,EC refers to the energy conversion efficiency of CC from electricity to cooling. Fig. 1 (c) consists of air conditioner (AC) and heat exchanger (HE). EH converts heat by HE and combines AC to meet heating and cooling demands.
Where η AC,EH , η AC,EC are the energy conversion efficiency (electricity-heating and electricity-cooling) of AC, respectively.
B. PHOTOVOLTAIC PANELS AND WIND TURBINE
When considering the uncertainty of RES, the output power of RES were modeled as stochastic parameters. The power output of PV depends on the amount of solar irradiance, temperature changes and efficiency changes. The output of PV can be expressed as follows:
Where K 0 is the current/temperature coefficient, S is the solar irradiance, k is the Boltzmann constant, q is the electron, n is the quality factor of the diode, I L (t) is the photocurrent deciding by the temperature t, I 0 (t) is the saturation current of diode deciding by the temperature t, V g is the open circuit voltage, I SC (t) is the working current deciding by the temperature t, V oc (t) is the working voltage deciding by the temperature t, R s is the resistance of the source.
The wind speed and technical specifications can cause power output variations of wind turbine (WT). The output can be expressed as follows:
Where A WT is the swept area, C WT is the wind energy utilization coefficient, ρ WT is the air density and v WT is the wind speed. V is the wind speed, V Cin is the cut-in speed, V rated is the rated speed, V Cout is the cut-out speed, and P rated is the rated output power.
III. MODELING OF COORDINATED OPERATION
In this study, an optimal model of three interconnected EHs representing multi-IES is established as Fig. 2 . Each EH can exchange energy with each other to fulfill the load-generation constraints. In proposed model, the multi-IES will improve the comprehensive energy efficiency and bring better economical circumstance for those of EHs in which the value of generation is higher than load consumption. The Fig. 2 depicts how the proposed planning model works. The multi-IES topology consists three EHs combined gas network and utility grid. The EH is tied to adjacent EHs through energy networks, which can form the coupling and connectivity matrices of the multi-IES. Each EH performs its own optimal operation or perform energy exchanging in the form of energy trading with another EH. If extra energy for any carrier is more than the required amount in an EH, it will be transported to the other EHs in the network where there is deficit. The model can be extended to a very big network with numerous EHs.
A. OBJECTIVE FUNCTION
Co-operation multi-IES will affect the distribution of the load on each energy source. The objective function aims at minimizing the operating cost of multi-IES, which consists of electricity, natural gas and heat purchasing cost. The objective function of coordinated operation optimization model is as follows:
Where CV is calorific value; C E,net and C G,net are the electricity price and natural gas price respectively. Each EH can purchase heat from heat sources owned by other EHs at a fixed contract price C H ,net .
B. CONSTRAINT CONDITIONS
The constraints related to energy balance of different energy carriers, transmission line, gas pipeline and converter limitations of the inputs and outputs are included as equality and inequality constraints. The demand-supply balance equations of the I-EH can be expressed as follows: (18) Constraints (16) (17) (18) denote that the outputs of the R-EH should satisfy the electrical, heating and cooling loads.
The constraints (19) (20) indicate the limitation that the energy from the networks cannot exceed the permitted capacities of the transmission line and gas pipeline, respectively.
and E max AC are limited by the rated capacity of the devices; τ up , τ down are the ramp constraints of CHP unit. Formulas (10)- (28) constitute the coordinated operation optimization model of multi-IES with linear objective functions and constraints, in addition to the energy flow calculation (19) and (20) considered for traditional coordinated operation, the multi-energy coupling of the energy conversion is also included, such as Formulas (21)-(28).
C. LWSGOA ALGORITHM
The adaptive mechanism in GOA [34] has been proven to balance exploration and exploitation and cope with the difficulty of multi-objective search space while outperforming other optimization methods. The GOA requires all particles to get involved in updating the position of each particle, which can avoid trapping in local minima and premature convergence.
Where d ij = x j − x i denotes the distance between ith and jth grasshopper, ub d and lb d are the upper and lower bound in the dth dimension, respectively, c is a decreasing coefficient to shrink the comfort zone, repulsion zone, and attraction zone, The gravity is ignored and the wind direction is always towards the targetT d , s defines the strength of social forces, f indicates the intensity of attraction, l is the attractive length scale. The inner c is referred to the adaptive parameter which can decrease repulsion or attraction force between grasshoppers and the outer c reduces the search coverage around the target as the iteration count increases. In order to enhance local search ability, improve accuracy and speed of convergence, the improved inertia weight is introduced to the GOA algorithm.
Where c max is the maximum value, c min is the minimum value, iter indicates the current iteration, iter max is the maximum number of iterations.
To apply GOA to the IES of multi-IES, the LWSGOA is proposed as follows to solve optimization problem. The LWS algorithm changes the multiple objective problems into the optimization of a single objective model. The weights of objectives ω i multiplies each objective function f i to make the structure of the objective function as follows [35] :
f (X ) is the total cost of multi-IES, g k (X ) (k = 1, 2, . . . , m) are inequality constraints, h j (X ) (j = 1, 2, . . . , n) are equality constraints, and m, n are the numbers of inequality constraints and equality constraints respectively.
IV. CASE STUDY AND SIMULATION RESULTS
A. SIMULATION SETUP
An optimal model of three interconnected EHs representing multi-IES is established as the case study. Fig. 3 (a) (b) (c) show forecast consumption curves for electrical, heating and cooling daily loads of three EHs during typical days, respectively.
The common characteristics of the three EHs are that the EHs tend to buy cheap electricity from UG in the valley period and tend to use their own RES generations. The parameters of the components in the multi-IES, including capacities and efficiencies, are listed in Table 1 .
The number and installed capacity of energy devices are given in Table 2 -4.
The outputs of WTs and PVs of three EHs is shown in Fig. 4 . The hourly energy price for multi-IES is comprised by the time-of-use electricity pricing schemes with fixed pricing scheme for the natural gas and heat, as shown in Fig. 5 . Different electrical prices are set for different periods, reflecting the variations of electrical load. 
B. ENERGY COMPLEMENTARITY OF THE MULTI-IES
In Multi-IES, whether involved in energy complementarity is considered and the dynamic characteristics of energy conversion devices are analyzed. The optimal output of the energy conversions are given, as shown in Fig. 6-14 , demonstrating that there is a huge potential for energy complementarity in Multi-IES.
The electrical power of RES is used to supply the electrical load of I-EH and the remainder of available electrical energy can be converted to heat energy through EB and HP or VOLUME 6, 2018 cooling energy through HP. According to the proposed strategy, fulfillment of cooling load has the priority over heating and electrical load, as shown in Fig. 6 . If the electrical load of I-EH exceeds the capacity of RES, the shortage of electricity is supplied from the UG or other EHs, as shown in Fig. 7 . When all electricity generated is consumed by electricity and cooling loads, the heating load must be met by GB. Due to the heat production of AC cannot meet the loads in R-EH, the R-EH must buy heat to help shave heat load. As a contrast, the thermal energy production of HP and GB is sometimes surplus in I-EH, so the I-EH can sell heat to R-EH and EB almost does not work due to the price bidding, as shown in Fig. 8 .
Natural gas is mostly used in CHP. The electricity generation of CHP unit is determined based on fulfillment of electrical load, as shown in Fig. 10 . The recovered heat from CHP unit can be used for supplying heating load, as shown in Fig. 11 . The only extracted heat from CHP can be used by ACh. If thermal energy produced by CHP is not sufficient for meeting cooling load, the RES are assigned the task of supplying the shortage of cooling energy through CC, as shown in Fig. 9 . Then, the remainder of available electrical energy is assigned to meet electrical load of the C-EH or sell to other EHs, as shown in Fig. 10 .
The Fig. 12-14 demonstrate that it is not cost effective for R-EH to install GB and ACh when the energy required is supplied by I-EH and C-EH. Moreover, it is more efficient to sell electricity to other EHs and utilize AC due to the fact that the RES can provide sufficient electricity. When an ACh is used, a GB must also be installed to generate the heat required by the ACh, thus increasing the cost of R-EH.
C. ENERGY EXCHANGE AMONG EHS
It is demonstrating that the surplus heating energy is supplied by GB and HP of I-EH. As a result, the shortage of electrical energy is supplied by RES of C-EH and R-EH, which can effectively reduce the burden of trading power with UG, as shown in Fig. 15 . The statistics of total operating cost in a continuous 24 hours period are shown in table 5. Table 5 shows the cost for each EH and the total multi-IES according to the constraints and the cost results before and after the coordination are compared. This table shows that the results before and after the coordination is applied are different for each EH. The cost of multi-IES without energy coordination is 1231.29$ per day, and the optimal cost of multi-IES participating in energy coordination is 1191.88$ per day. In the case of C-EH and R-EH, the cost was reduced due to coordination and the cost for I-EH increased. However, the cost of the entire multi-IES is reduced by nearly 3.2% when the coordination is applied. In other words, the cost of some EHs will increase, but other EHs will benefit, which will contribute to operation efficiency of the entire multi-IES. Solutions provide a comparison among MILP [4] , multiobjective whale optimization algorithm (MOWOA) [36] and the propose algorithm in table 6 for accurate objective function minimization. It shows that the proposed algorithm get less cost than MILP and MOWOA. The proposed algorithm has better results in optimizing the operation cost of multi-IES.
V. CONCLUSION
Increasing load, RES generation and emission create a new challenge for the future energy management of Multi-IES. To reduce the disposal of RES and total operating costs of multi-IES, a coordinated operation model based on threeinterconnected EHs has been implemented in this paper, which all IESs are optimized as a community of interests. The uncertainties in demand and RES forecasts were also considered. It is concluded that RES can be incorporated successfully in design of multi-IES, when the complementary performances of RES coupled with energy conversions can provide for the needed flexibility in meeting cooling, heating and electricity loads to achieve the minimum cost for the operation of the multi-IES under the proposed strategy. The study result shows that the coordinated operation of multi-IES has better economic benefits than the isolated operation of each IES. In addition, the proposed strategy leads to lower multi-carrier energy consumption cost, lower peak power and heat demand for multi-IES, which can be further used in the economic and energy efficient operation of energy internet. 
